LipL and Cpr19 are nonheme, mononuclear Fe(II)-dependent, a-ketoglutarate (aKG):UMP oxygenases that catalyze the formation of CO 2 , succinate, phosphate, and uridine-5 0 -aldehyde, the last of which is a biosynthetic precursor for several nucleoside antibiotics that inhibit bacterial translocase I (MraY [3][4] [5] [6][7], is then initiated by oxidative decarboxylation of aKG to yield CO 2 , succinate, and a transient Fe(IV)-oxo species. For most enzymes of the superfamily, the subsequent step is utilization of the Fe(IV)-oxo-a strong oxidizing agentto modify the primary substrate by (a) hydrogen atom abstraction followed by radical rebound resulting in hydroxylation or (b) sequential abstraction of two hydrogen atoms resulting in a desaturated product. Whether a given enzyme catalyzes hydroxylation (hence functioning as a dioxygenase), desaturation HRMS, high-resolution mass spectroscopy; U5 0 A, uridine-5ʹ-aldehyde; UMCP, 5 0 -deoxyuridine-5 0 -methylphosphonate; UMP, uridine-5 0 -monophoshate; aKG, a-ketoglutarate.
LipL and Cpr19 are nonheme, mononuclear Fe(II)-dependent, a-ketoglutarate (aKG):UMP oxygenases that catalyze the formation of CO 2 , succinate, phosphate, and uridine-5 0 -aldehyde, the last of which is a biosynthetic precursor for several nucleoside antibiotics that inhibit bacterial translocase I (MraY). To better understand the chemistry underlying this unusual oxidative dephosphorylation and establish a mechanistic framework for LipL and Cpr19, we report herein the synthesis of two biochemical probes- [ Keywords: antibiotic; biosynthesis; nonheme iron; nucleoside; oxygenase; translocase I Nonheme, mononuclear Fe(II)-, and a-ketoglutarate (aKG)-dependent oxygenases are recognized for their ability to catalyze a wide array of chemical transformations including hydroxylation, demethylation, epoxidation, hetero-and carbocyclic ring expansion/ closure, desaturation, and halogenation [1, 2] . The consensus reaction coordinate of this large and functionally diverse superfamily [3] begins by sequential binding of an Fe(II) cofactor, cosubstrates aKG and the primary substrate undergoing oxidative modification, and, lastly, O 2 . The chemistry, which is reviewed in great detail elsewhere [3] [4] [5] [6] [7] , is then initiated by oxidative decarboxylation of aKG to yield CO 2 , succinate, and a transient Fe(IV)-oxo species. For most enzymes of the superfamily, the subsequent step is utilization of the Fe(IV)-oxo-a strong oxidizing agentto modify the primary substrate by (a) hydrogen atom abstraction followed by radical rebound resulting in hydroxylation or (b) sequential abstraction of two hydrogen atoms resulting in a desaturated product. Whether a given enzyme catalyzes hydroxylation (hence functioning as a dioxygenase), desaturation (hence functioning as a monooxygenase), or less commonly, a distinct chemical transformation such as epimerization, is likely guided by precise substrate positioning, the conformational flexibility of enzymesubstrate complex during catalysis, and the inherent chemical nature of the primary substrate and enzymeFe(IV)-oxo complex [8] [9] [10] [11] [12] . However, the determinants/selection rules for the substrate and mechanistic partitioning are not entirely understood despite being the subject of numerous investigations with model systems and enzymes of the superfamily. LipL and Cpr19 are relatively new members of the superfamily that catalyze the O 2 , Fe(II), and aKGdependent conversion of UMP to uridine-5 0 -aldehyde (U5 0 A; Fig. 1A ) [13] [14] [15] , the latter of which is a biosynthetic precursor for several highly modified uridine-containing antibiotics including the 5 0 -C-glycyluridine-containing liponucleosides represented by A-90289 A, caprazamycins, and liposidomycins (Fig. 1B) and the uridine-5 0 -carboxamide-containing monosaccharidyl nucleosides represented by A-102395, A-503083 B, and capuramycin ( Fig. 1C ) [16] . The activity of LipL, and soon thereafter Cpr19, was initially discovered based in part on the sequence similarity to putative proteins annotated as clavaminic acid synthase (CAS), which was one of the first discovered bacterial members of the nonheme, mononuclear Fe (II)-and aKG-dependent oxygenase superfamily. CAS alone highlights the catalytic versatility of this superfamily by catalyzing three nonsequential and unique oxidative transformations-hydroxylation, ring closure, and desaturation-during clavam biosynthesis [17] [18] [19] [20] . Previous biochemical characterization of LipL and Cpr19, however, revealed intriguing differences in substrate selectivity and chemical outcome to not only CAS but also other members of the superfamily as well. Notably, LipL and Cpr19 were shown to (a) recognize a free nucleotide as the primary substrate and (b) catalyze a net oxidative dephosphorylation reaction. LipL and Cpr19 were not, however, the first members of the superfamily identified to generate an aldehyde functionality. Two noteworthy examples of aldehyde-generating members are aKG:taurine dioxygenase (TauD), which catalyzes the conversion of taurine to aminoacetaldehyde and sulfite and is perhaps the best studied enzyme of the superfamily [21] [22] [23] [24] [25] , and alkylsulfatase (AtsK), which converts alkylsulfates to an aliphatic aldehyde and sulfate [26, 27] . For TauD and AtsK, it has been postulated that the reaction coordinate proceeds through geminal hydroxylation to the sulfite and sulfate, respectively, although this hypothetical, hydroxylated intermediate has never been directly detected, nor has the fate of the second atom of O 2 been tracked for either enzyme due to inherent technical challenges. As predicted, the reaction catalyzed by LipL and Cpr19 was previously shown to result in the incorporation of one atom of O 2 into C-2 of aKG during the formation of the coproducts, succinate and CO 2 [13] . Similar to TauD and AtsK, however, the destination of the other O atom was not established. Nonetheless, considering the precedent within the superfamily and the reported biochemical characteristics of LipL and Cpr19, we hypothesized that oxidative dephosphorylation occurs through 5 0 -hydroxylation using the putative Fe(IV)-oxo species, which would equate to the loss of one hydrogen atom from the primary substrate UMP and incorporation of one atom of oxygen into the product U5 0 A. The possibility remained, however, that LipL and Cpr19 catalyze a desaturation of the primary substrate-not unlike one reaction catalyzed by CAS and a few other members of the superfamily -with concomitant hydrolysis and tautomerization, which would contrastingly equate to a sequential loss of two hydrogen atoms from UMP (Fig. S1 ). To better understand the chemistry behind this novel oxidative dephosphorylation reaction and to establish a mechanistic framework for LipL and Cpr19, we report the synthesis and enzymatic conversion of two biochemical probes to aid in tracking the atoms of the substrates. As described herein, the results suggest these new enzyme catalysts can be additionally assigned as UMP hydroxylase-phospholyases. Chemical syntheses UMCP were prepared as previously reported [28] , and the identity confirmed by MS and NMR spectroscopic analysis. The DNA fragments of the expected size were purified by 1% agarose gel and the purified PCR products were inserted into pET30-Xa/LIC using ligation-independent cloning following the provided protocol to yield pET30-Stprps, pET30-EcripA, and pET30-Ecuprt. Cloned DNA was sequenced to confirm PCR fidelity. Protein production, purification, and assessment were performed using routine conditions as previously described [14] . His 6 -tagged proteins were utilized without further modifications. A single reaction mixture (1 mL) consisted of 50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 5 mM uracil, 20 mM PEP, 1 mM NADP + , 1 mM ATP, 2.5 mM aKG, 1 mM NH 4 Cl, 1 mM D-[U-2 H]glucose, 80 U of hexokinase, 160 U of pyruvate kinase, 100 U of glucose-6-phosphate dehydrogenase, 160 U of glutamate dehydrogenase, 8 U of 6-phosphogluconate dehydrogenase, 25 lg of EcRPI, 100 lg of StPRPS, 25 lg of EcRpiA, 80 U of myokinase, and 5 U of inorganic pyrophosphatase. The reaction was carried out at 30°C overnight and terminated by ultracentrifugation using a Microcon YM-3. Following removal of protein by centrifugation, the reaction components were analyzed by HPLC using a C-18 reverse-phased column under ion-pairing conditions (monitored at 254 nm). A gradient from 40 mM acetic acid-triethylamine pH 6.5 (A) to 20% methanol (B) was used in the following manner (time range and linear increase to % B: 0-4 min, 0%; 4-24 min, 50%; 24-26 min 100%; 26-32 min, 100%; 32-35 min, 0%. The flow rate was kept constant at 1 mLÁmin À1 . A peak with the identical retention time as authentic UMP was collected, freeze-dried, and analyzed by LC-MS using a linear gradient from 0.1% formic acid in water to 0.1% formic acid in acetonitrile over 20 min. The flow rate was kept constant at 0.4 mLÁmin À1 , and elution was monitored at 254 nm.
Materials and methods

Chemicals, reagents, and instrumentation
(5 0 S)-5 0 -hydroxy-UMCP: 1 H NMR (300 MHz, D 2 O) d 1.7- 1.95 (m, 2H),
HPLC-based activity assays of LipL and Cpr19
The cloning of lipL and cpr19 and the production of purified proteins were previously reported [ 
Kinetic analysis
The activity of LipL and Cpr19 was detected by monitoring the formation of inorganic phosphate with the malachite green binding assay. For kinetic analyses involving LipL, reactions consisted of 50 mM Tris-HCl (pH 7.5), 1 mM ascorbate, 500 lM FeCl 2 , 100 nM LipL, near saturating aKG (1 mM), variable UMP (100 lM-10 mM), and variable UMCP (5 lM-1 mM). The reactions were performed at 30°C for 3 min and analyzed under initial velocity conditions. Each data point represents a minimum of three replicate end point assays. The Lineweaver-Burke plot was indicative of competitive inhibition, thus data were fitted using nonlinear regression with global curve fitting (GraphPad Prism, GraphPad Software, Inc., La Jolla, CA, USA) to the following equation for competitive inhibition:
Enzyme-catalyzed production of (5 0 S)-5 0 -hydroxy-UMCP Large-scale isolation of the Cpr19 product (5 0 S)-5 0 -hydroxy-UMCP starting from UMCP was carried out with HPLC using a C18 reverse-phased semipreparative column using ion-pairing conditions as described above with a flow rate of 3.5 mLÁmin À1 . The peak corresponding to the product was collected and freeze-dried prior to HRMS, 1D and 2D NMR spectroscopic analysis. Fig. 2A) , a strategy that was based on a previously reported method for preparing sitespecifically labeled nucleotides for assay development and measurement of kinetic isotopic effects for unrelated nucleotide-metabolizing enzymes [29] . The synthesis utilizes 10 enzymes (seven commercial proteins and three recombinant proteins produced and purified from E. coli) from glycolysis, pentose phosphate, and nucleotide salvage pathways. HPLC analysis of the reaction mixture after an overnight incubation revealed the formation of a new peak with an identical retention time and UV-VIS spectrum as authentic UMP (Fig. 2B) .
LC-MS analysis revealed an [M-H]
À ion at m/z = 327.9, which was 5.2 amu greater than UMP isolated using unlabeled glucose as a control (Fig. 2C) With the deuterated substrate in hand, Cpr19 and LipL reactions were performed using conditions that facilitated complete conversion into product U5ʹA. For Cpr19 LC-MS analysis of the reaction components in comparison to the appropriate controls revealed a new peak that coeluted with authentic U5ʹA and had an [M-H] À ion at m/z = 244.8, which was 4.0 amu greater than U5 0 A generated from unlabeled UMP (Fig. 3 ). An identical result was obtained with LipL (data not shown). Thus, four of the five deuterium atoms from [1 0 ,3 0 ,4 0 ,5 0 ,5 0 -2 H]UMP are retained during the conversion into U5ʹA, corresponding to the overall loss of one H atom from the primary substrate during the transformation.
Evidence for a mechanism proceeding with stereospecific hydroxylation
With the goal of trapping a hydroxylated product, the phosphonate derivative of UMP (UMCP) was targeted as a potential surrogate substrate for LipL and Cpr19 (Fig. 4A) . The derivative was synthesized from uridine and diethyl(hydroxymethyl)phosphonate using a described procedure with slight modifications [32] . The identity of UMCP was confirmed by HRMS and NMR spectroscopic analysis and comparison with the published data (Figs S2-S4 ). Reactions with UMCP and LipL, however, did not yield any products as judged by HPLC and LC-MS analyses, and hence UMCP was not a surrogate substrate for LipL. Instead, kinetic characterization revealed UMCP was a strong competitive inhibitor with respect to UMP, yielding a K i = 800 nM (Fig. 4B) . In contrast to LipL, reactions of Cpr19 with UMCP revealed a new, small peak eluting just prior to the unreacted substrate (Fig. 4C) , and this new peak had a UV-VIS spectrum characteristic of a uracilcontaining product. Despite a maximum conversion of 1-2% based on HPLC, enough material was collected for preliminary characterization by HRMS to reveal an [M-H] À ion of m/z = 337.04652 (Fig. S5) , consistent with the molecular formula C 10 H 15 N 2 O 9 P for a hydroxylated product, uridine-5 0 -C-methylphosphonate (5 0 -OH-UMCP) (expected m/z = 337.05152). A peak with a mass corresponding to a desaturated product was not detected. Interpretation of both the 1D and 2D NMR spectra of the product was also consistent with the assignment of a C-5 0 hydroxylated product (Table S1 and Figs S6-S9) . However, the low yields and degradation of the purified product-particularly to uracil and an unidentified polyhydroxylated molecule in the style of the degradation of synthetic nucleoside phosphonates that was previously reported [33] hindered the analytical characterization and hence conclusive identification of the product.
To overcome the scalability challenge for satisfactory evidence for the existence of hydroxylated UMCP, authentic standards were synthesized following our prior report using concise, stereoselective syntheses of [28] . The sodium salts of these two epimers, each in 9 : 1 diastereoisomeric excess [28] , were readily separated by HPLC using the ion-pairing conditions routinely used to track the activity of LipL and Cpr19 (Fig. 4C) . Subsequent HPLC analysis revealed the product of Cpr19 with the surrogate substrate coeluted with the 5 0 S epimer, which was further confirmed by coinjection and MS analysis (Fig. 4C) .
Discussion
Enzymes of the nonheme, mononuclear Fe(II)-and aKG-dependent oxygenase superfamily catalyze a wide array of oxidative transformations on a structurally diverse range of prime substrates. LipL and Cpr19, relatively new members of the superfamily, are the first to catalyze a net oxidative dephosphorylation and recognize a free nucleotide as a substrate, hence expanding upon this diversity of transformations and substrate spectrum. As part of the initial functional assignment, which was primarily motivated by the requirement for an enzyme to generate U5 0 A and the lack of any other candidate to catalyze such oxidative chemistry, LipL and Cpr19 were demonstrated to have characteristics that are shared by other enzymes in the superfamily, including the requirement for Fe(II), aKG, and O 2 for activity, the incorporation of one O atom into the coproduct succinate, and the ability of ascorbic acid to stimulate activity [13, 15] . Therefore, it was logically speculated that the reaction coordinatelike other members of the superfamily-proceeds through an Fe(IV)-oxo species, which is likely used to hydroxylate UMP at C-5 0 leading to phosphate elimination concomitant with product aldehyde formation.
To test this hypothesis, we first set out to monitor the fate of the H atoms of UMP by enzymatically synthesizing [ to our knowledge, neither the fate of the deuterium atoms in the final organic product nor regioselectivety of H abstraction has been reported. For both Cpr19 and LipL, the mass of the product from reactions starting with [ 
H]UMP was clearly indicative of the retention of four deuterium atoms during transformation to the product U5ʹA. Thus, this result supported a mechanism involving the loss of a single H atom, which clearly disfavors a desaturation event (Fig. S1) .
We next hoped to provide compelling evidence that a hydroxylation-phospholyase mechanism was employed by detecting a hydroxylated product upon substituting the substrate phosphate functionality with a poor leaving group. A similar strategy has been used to probe the mechanism of the nonheme, mononuclear Fe(II)-, and aKG-dependent N-demethylase AlkB, which-although specific for dsDNA-has a remarkable substrate flexibility in that the enzyme is able to catalyze N-demethylation of all four bases [40] . The 3-deaza derivative of 3-methylcytosine-DNA was able to be converted in vitro to the monohydroxylated product 3-deaza-3-hydroxymethylcytosine by AlkB in low yields, which was also confirmed within the enzyme-substrate cocrystal structure when exposed to O 2 . Although very low yields of product were likewise realized with Cpr19, we were able to identify a monohydroxylated product based on spectroscopic analyses and comparisons to synthetic standards. Additionally, and perhaps of highest significance, the stereochemistry of this hydroxylation was established, as the product coeluted with authentic (5 0 S)-OH-UMCP. Assuming the hydroxyl is installed at the identical position occupied by the abstracted hydrogen, the results suggest the proR hydrogen atom of UMCP is initially removed by the Fe(IV)-oxo intermediate. Due to the change in priorities based on the Cahn Ingold Prelog rules, this would suggest that the proS hydrogen atom of UMP is abstracted to form a 5 0 carbon-centered radical and an Fe(III)-hydroxo center, and radical rebound generates an unstable (5 0 R)-hydroxy-UMP (Fig. 5) . Although the proS hydrogen atom is likely abstracted to retain the relative stereochemistry following rebound, it is noteworthy that other enzymes of this superfamily are known to integrate epimerization during the catalytic cycle (e.g., carbapenem synthase CarC and CAS) [41] [42] [43] , and thus remains a possibility for LipL and Cpr19.
A major goal moving forward is to identify and understand the role of unique residues of LipL/Cpr19 that guide nucleotide binding and oxidation, of which the mechanistic framework for the latter has now been established. In several instances within the superfamily, the substrate reactivity has been shown to be dictated by a single active site residue that appears unique to a particular enzyme activity. Among other notable examples [10, 44, 45] , an active site Tyr residue in CarC is essential for epimerization [41, 42] and a Phe residue in TauD is a critical determinant of precise reactivity [36] . In other cases, it appears that the lack of an active site residue is important; for example, the lack of a carboxylate ligand as part of the facial triad is a diagnostic feature for halogenases of this superfamily [9] . Although it is tempting to propose a model for substrate binding and catalysis for LipL and Cpr19 based on the known structures of primary substrate-bound TauD and AtsK [27, 46] , the overall low sequence to these enzymes and the diverse modes and orientations of primary substrate binding throughout the entire superfamily precludes such a predictive or generalized model with acceptable accuracy [47] . Given that this is the first example of a free nucleotide-utilizing oxygenase of the superfamily, a bona fide structure is necessary to better explain the mechanistic results reported here.
In summary, we have provided evidence that LipL and Cpr19 function as true dioxygenases, incorporating one atom of O 2 into aKG and the other into C-5 0 of UMP to form a cryptic, hydroxylated intermediate. Furthermore, the hydroxylation appears to occur with defined stereochemistry based on the isolation of (5 0 S)-OH-UMCP upon using the surrogate substrate, the phosphonate of UMP. Thus, LipL and Cpr19, and by extension other homologs that have been identified in gene clusters for related nucleoside antibiotics, can be additionally described as UMP hydroxylase-phospholyases.
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